This paper details an automated process to create a robotic model of a subject's upper body using motion analysis data of a subject performing simple range of motion (RoM) tasks. The upper body model was created by calculating subject specific kinematics using functional joint center (FJC) methods, this makes the model highly accurate. The subjects' kinematics were then used to find robotic parameters. This allowed the robotic model to be calculated directly from motion analysis data. The RoM tasks provide the joint motion necessary to ensure the accuracy of the FJC method. Model creation was tested using five healthy adult male subjects, with data collected using an eight camera Vicon© (Oxford, UK) motion analysis system. Common anthropometric measures were also taken manually for comparison to the FJC kinematic measures calculated from marker position data. The algorithms successfully generated models for each subject based on the recorded RoM task data. Analysis of the generated model parameters relative to the manual measures was performed to determine the correlations. Methods for replacing model parameters extracted from the motion analysis data with hand measurements are presented.
INTRODUCTION
The analysis of human upper body kinematics is complicated by its large number of joints, and its range of movement. Complex biomechanical analysis of the human body relies on detailed geometric and musculoskeletal modeling, similar to the work of Lee et al. [1] . However, in modeling the human upper body for analysis in interactive and real time simulation, like those developed by Hauschild et al. [2] , it is necessary to limit the number and complexity of joints used to model the human body. Segments are often assumed to be rigid, and have joint centers with fixed position in the coordinate systems of the proximal segment.
In most models used for simulating movement of the arm, or upper body, the lengths of body segments, the body geometry, and joint range of motion are taken from literature data of population averages, such as those given by Gorden, and Winter [3, 4] . Variations in relative subject limb length, range of motion, and geometry make the generation of subject specific models preferable to static length or normalized length model geometries. However, the creation of an accurate model can be a time consuming process, therefore creating custom models for each person included in a study is often impractical. The methods presented allows for the creation of a highly accurate subject specific model through the use of motion analysis of RoM tasks, or by inputting subject anthropometric data into a pre-constructed robotic framework.
Range of movement trials were used to calculate the segment FJCs of the upper body, similar to the previous work [5] . The FJCs and marker position were then used to define the segment coordinate frames. The segment coordinate frames were arranged into a kinematic chain and used to extract the parameters to create a subject specific robotic model. The segment lengths were correlated to the manually measured Pre-Print version of paper submitted for:
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Range of Motion Trials
This section describes each range of motion trial in detail. Subjects are asked to start with enough clearance between their arms and sides to prevent obstruction of the cameras view of the markers. All movements were performed without assistance, and were considered active, patient-initiated, RoM. Each trial is completed three times to collect an average RoM for each subject. Subjects were given the following instructions for completing each task.
Elbow Flexion/Extension
Starting with their elbows extended, palms facing body, thumbs forward, flex their elbows until maximum flexion is reached. Hold that position for a brief pause, and then extend their elbows back to terminal extension.
Forearm Pronation/Supination
Starting with their elbows flexed to approximatly 90°, arms near the body, palms facing medially, rotate their forearms inwards toward body to maximum pronation, and flex wrist. After a brief pause rotate the forearm outward (supinate) while continuing to point hands down (extending the wrist). After another brief pause return to the starting position.
Shoulder Flexion/Extension Starting with their arms extended towards the floor, palms facing their body, raise their arms, reaching forward, then up, then slightly backward to maximum shoulder flexion. Then after a breif pause return arms by stretching, up, forward, down then backward to maximum extension. Again pausing briefly before returning to starting position.
Shoulder Abduction/Adduction Starting with arms extended toward the floor, palms facing body, thumbs forward, abduct arms with elbows straight to maximum, then pause briefly. Adduct arms back down crossing arms in from of the chest, and then return to the starting position.
Shoulder Rotation Starting with elbows flexed to 90° and arms abducted until parallel with floor, palms facing down, keeping upper arms parallel to floor rotate the forearm arms downward until maximum is reached. Pause briefly then rotate arms upward to maximum position. Pause again then return to the starting position Torso Flexion/Extension Starting from a vertical standing position, flex the torso as far forward as possible without needing to take a step. Pause briefly then extend torso to a maximum. Pause again then return to the starting position.
Torso Lateral Flexion
Starting from a vertical standing position, lean as far to the right as possible bending the torso. Pause briefly then lean to the left as far as possible. Pause again then return to the starting position.
Torso Rotation
Starting from a vertical standing position, keeping the torso upright, rotate to the right as far as possible. Pause briefly then rotate to the left as far as possible. Pause again then return to starting position.
Subject Demographics
Subjects were all healthy adult males, and all procedures were approved by the University of South Florida institutional review board. All subjects gave their informed consent before participating in the study. Subject demographic information is given in Table 2 . 
FUNCTIONAL JOINT CENTERS
Joint center locations are often positioned according to the geometry of the skeletal structure, or generally based on observation. These models can be difficult to validate and compare with other models as they are very sensitive to marker placement and segment definition conventions. Functional methods, those relying on the path data from motion analysis of a subject, for determining the location of joints within a system have several advantages over traditional regressive methods [6] . Definition of the FJC for the shoulder has been validated so long as sufficient data are collected [7] . This work expands on previous methods by calculating FJCs for the entire upper body.
A functional joint center is the center of rotation of a body in space relative to another body, this is also the position where the distance from any point on the rotating body remains constant, as shown in Figure 1 . This assumes that the body is undergoing pure rotation, and is not translating relative to the reference frame.
FIGURE 1: 2D FUNCTIONAL JOINT CENTER
The FJC was found by optimizing the cost function which penalizes the variation in distance between each point and the distal segment and potential joint center. The cost function, ( , , ), is given in equation 1 and the function for average distance between the tested point and a point on the distal segment, , is given in equation 2. The cost function increases as the variance of the distance between the position ( , , ) and all points in an m by 3 by n array of points increases. Where is the x position of point i at time (or sample) k. The point would be element P(k, 1, i). The minimum of the cost function is the position where the distance between ( , , ) and all points of P is constant. This is equivalent to the point that experiences no motion in both segment frames, and the center of rotation between the frames.
Data were imported from the motion analysis files using the Matlab c3d server application developed by Walker and Rainbow [8] . A data structure was created for the RoM data, each subject is defined as a field in the RoM field, each task is a field within each subject, and marker data is stored as variables inside the task field. The conventions used to define segments in the kinematics of the RHBM were designed to correlate as closely as possible to the ISB recommendations for the upper body [9] , while maintaining the functional centers as the origin of each segment, and without further increasing the number of markers needed for data collection.
Each segment was defined by an origin and two defining lines. The segment is centered at the origin. The unit vector parallel to the first defining line becomes the first axis of the segment. The unit vector parallel to the cross product of the first and second line becomes the second axis. Finally the cross product of the first two axes becomes the final axis. The first, second, and third axes can be defined using any combination of x, y, and z. The third axis direction is switched if the combination violates the right hand rule.
Pelvis The pelvis segment was the primary reference fame for all upper body markers and was used to describe the relative location of objective positions in end effector space. The ISB recommendations for the pelvis are included in the lower body definitions [10] . The Z-axis was defined as parallel to the line connecting the right and left ASI markers, pointing right. The X-axis was defined as the line orthogonal to the Z-axis lying in the plane defined by RASI, LASI, and the midpoint of the LPSI and RPSI (MPSI). The Y-axis was perpendicular to the X and Z axes, maintaining the right hand rule. The segment defined with the MPSI as the origin, because the segment was used for movement relative to the torso, and not the thigh as in the ISB lower body recommendations. The first defining line is defined from LASI to RASI, and the second was defined from MPSI to RASI, with the convention 'zyx.' A diagram detailing the segment definition is shown in Figure 2 
FIGURE 2: DIAGRAM OF THE PELVIS DEFINITIONS
The T1 and CLAV markers were then defined in the pelvis segment and added to the pelvis structure. All of positions of the T1 and CLAV for all of the RoM tasks for each subject were concatenated into a single array, pelvisCompiled, and sent to the MLOptim.m function to calculate the FJC of the torso segment in the pelvis frame. 
Torso
The FJC was used as the origin of the torso, and all distal segments. The first defining line was defined from the torso joint center to the average of the CLAV and T1 markers. The second defining line was defined from CLAV to T1, with the convention 'yzx.'
FIGURE 3: DIAGRAM OF TORSO SEGMENT DEFINITIONS Shoulder
The shoulder segment connects the torso and the upper arm segments and approximates the movement of the clavicle and the scapula. The ISB recommendations separate the clavicle and scapular movement and have individual segment definitions for each system. However, tracking scapular movement with skin markers is difficult due to the large displacement of bone relative to the skin over the scapula. Due to this error and the relatively small movement of the glenohumeral joint relative to the acromioclaviculare joint the motion of the scapula and the clavicle were approximated as a single segment.
The first defining line was from the FJC to the average position of the anterior and posterior shoulder markers. The second defining line was the line from the posterior to anterior shoulder maker for the right segment, and from anterior to posterior for the left segment. The axis order was defined as 'zyx' for both left and right segments.
FIGURE 4: OVERHEAD VIEW OF LEFT AND RIGHT SHOULDER SEGMENT DEFINITIONS.
The shoulder was also the first segment where there exist a right and left pair. Each side was calculated separately, there was no assumed symmetry in the model. Because the segment definitions must obey the right hand rule it is not possible to maintain symmetry between the right and left coordinate systems. The segment orientations for the left and right side are shown in Figure 4 . Positive rotation of the X-axis on the right side describes depression of the shoulder, on the left it represents elevation. Positive rotation of the Y-axis was protraction of the shoulder on the right and left side. Rotation of the Z-axis was best described as axial rotation of the clavicle, and was also in the same direction on both sides. 
Upper Arm
The upper arm, and forearm segment definitions are very similar to the shoulder definition. The first defining line was defined from the upper arm joint center to the average of the medial and lateral elbow markers. The second defining line was defined from the lateral to medial elbow marker on both right and left sides. Both sides use the 'zxy' definitions. The axes represent flexion, abduction and elevation of the upper arm about the glenohumeral joint.
FIGURE 5: DIAGRAM OF THE UPPER ARM SEGMENTS.

Forearm
The forearm segment includes flexion of the elbow and pronation of the wrist. The carrying angle is also extracted from the rotation about the Y-axis. The first defining line was defined from the forearm joint center to the average of the wrist markers, the second defining line was defined from the ulnar to radial marker on the right and from the radial to ulnar wrist marker on the left. The 'zyx' order was used on both sides.
Figure 6: Overhead diagram of the forearm segments Hand
The hand was defined using the wrist markers, the marker on the third metacarpal head, and the joint center of the hand. The first defining line goes from the joint center to the metacarpal head, and the second line was defined from the ulnar to radial marker on the right and from the radial to ulnar wrist marker on the left. The 'zyx' order was used on both sides.
FIGURE 7: DIAGRAM OF THE HAND SEGMENTS
Since all segments distal to the torso follow a similar convention. Each segment as defined above, calculates the joint center of the next segment. After the segments are defined the proximal segment was re-defined with the distal joint center replacing the average of the two distal markers for the shoulder, upper arm, and forearm segments. This ensures that the distance between centers was described in the Z-axis of the proximal segment, which simplifies the extraction of the Denavit and Hartenburg parameters. This does not change the location of the joint centers in space, but the orientation of each segment. 
ROBOT MODEL DEFINITION
The segments definitions were used to find the 4 by 4 homogeneous transform for each segment. Joint angles were calculated from the segment homogeneous transforms by calculating the Euler angles given of the rotation matrix between transforms. The rotational order 'zxy' was used for the Torso and 'yxz' was used for all other segments. The joint angles for the RHBM required the addition of offsets to match the existing segment conventions, and maintain orthogonal joint axes. The angular offsets as well as the other Denavit and Hartenburg parameters are given in Table 6 . 
MANUAL ANTHROPOMETRIC MEASURES
The list of manually recorded measures recorded is given in Table 7 . All measures were recorded by a certified prosthetist using a standard cloth measuring tape. Distance from acromion to lateral epicondyle of the humerus X2E
Distance from axilla to medial epicondyle of the humerus
E2S
Distance from lateral epicondyle of the humerus to the styloid process of the radius (wrist pronated)
E2T
Distance from lateral epicondyle of the humerus to the thumb tip (wrist pronated) S2T
Distance from styloid process of the radius to the thumb tip
The recorded measures for each subject are given in Table  8 , for this study there was only a small variance in the upper arm lengths between subjects. Since these measures were recorded manually there is a ±1cm reasonable margin of error, which may account for the left-right asymmetry. Segment length and joint center locations were then correlated to the measured subject's limb lengths using the Pearson product moment correlation, or R 2 value in Microsoft © Excel. Data from the right and left side were used in a single correlation. The correlations found are given in Table 9 . To increase the accuracy and reliability of use in future studies the measured lengths were then used in a multivariable liner regression to determine the segment lengths in relation to manual measures. The regression was also forced to a zero intercept to increase the stability of the solution given the inclusion / exclusion of subjects. The subject height and chest circumference, CC, were used to estimate the torso center, shoulder center, and shoulder length. The distance from the acromion to lateral epicondyle of the humerus, A2E, and the distance from the axilla to the elbow to the medial epicondyle of the humerus, X2E, were used to generate the upper arm length, UPA. The distance from the lateral epicondyle to the styloid process of the radius, E2S, and to the thumb, E2T, were used to generate the forearm length, FA. The equations to calculate the segment lengths are given in the equations 3 -11. The low values for the segment length correlations given in Table 9 suggest that the use of manual external measures is not a good indicator of skeletal segment length for our given sample population. This is partially due to the similar height and dissimilar build of our subjects. 
MODEL PATH RECONSTRUCTION
To test the accuracy of the model in reconstructing the subject motion the distance between the position and orientation of the hand using the joint angles and the robotic model, and the motion analysis data of the collected tasks was found. The average distance or error was then calculated and used for comparison. The first test found the error of the model using the segment lengths extracted from the FJC data. The second tests used the segment lengths from the linear regression of the manual anthropometric measures. The final test used the segment lengths as a function of the subject height given by Winter in [3] . The average position error of the FJC model was 0.902 mm, and the only subject with an average error greater than 0.001mm was the left side of subject C05, sense the FJC method is derived directly from the motion analysis data it is able to reproduce the end effector position as recorded nearly exactly. The average position error of the model using the manual subject measures, MSM, was 26.07mm. Average position error of the reconstruction using subject height was 164.0 mm. All average position errors were significantly different P<0.01. The orientation error was the same for all models, this was due to the change in segment lengths having no effect on the segment orientations. It is important to note that the error here is relative to the motion analysis data, and does not include any error from the motion analysis system in recording the true motion of the subject. 
